Background: Trans-translation mediated by SsrA (tmRNA) and its associated protein SmpB plays an important role in rescuing stalled ribosomes and detoxifying toxic protein products under stress conditions. However, the role of SsrA and SmpB in bacterial persister survival has not been studied. The recent finding that pyrazinamide as a unique persister drug inhibits trans-translation in Mycobacterium tuberculosis prompted us to examine the role of transtranslation in persister survival.
Introduction
Persisters are hypothesized to be non-replicating or slowly growing bacteria that are not killed by antibiotics and can revert to growing forms upon antibiotic removal and become susceptible to the same antibiotics. 1 Persisters may be medically important and pose a significant challenge to the treatment of many bacterial infections, such as tuberculosis and Lyme disease, and may be a cause of latent and persistent infections, lengthy treatment and post-treatment relapse. 2, 3 The mechanisms of persister formation or survival are complex and not well understood. However, recent studies have identified several pathways that are involved in persister formation or survival. 2, 3 These include toxin-antitoxin modules (HipAB), 4 energy production (SucB, UbiF), 5 stringent response (RelA), 6 SOS response/ DNA repair (LexA), 7 the phosphate and cellular metabolism PhoUmediated pathway 8 and efflux/transporters. 2 Despite the above progress, our current understanding of persister mechanisms is still incomplete and requires further studies.
Bacteria have evolved various survival mechanisms under stress conditions. One such mechanism is trans-translation, which is a process that degrades potentially toxic protein products and mutated mRNA template and allows recycling of ribosomes trapped on damaged mRNA under stress conditions, such as heat and oxidative stress, acid pH and amino acid starvation. Trans-translation is mediated by a hybrid tmRNA encoded by ssrA, which is expressed as a short peptide tag added to incomplete and potentially toxic protein products so that the tagged toxic protein products produced under stress conditions are sent for degradation by proteases. 9 tmRNA is bound by a protective protein called SmpB and works together with EF-Tu and RpsA (ribosomal S1 protein) as a complex during the process of trans-translation. 10 Although the trans-translation pathway is known to be involved in stress survival and virulence in Helicobacter pylori, 11 Yersinia pestis 12 and Francisella tularensis, 13 its role in the phenomenon of bacterial persisters is unknown.
Recently, we found that the unique front-line tuberculosis drug pyrazinamide, which specifically kills persisters and shortens tuberculosis therapy, 14 inhibits the trans-translation process in Mycobacterium tuberculosis. 15 This finding prompted us to explore the association of trans-translation and bacterial persisters. In this study, we used Escherichia coli as a model to address whether trans-translation is important for persister survival by constructing mutants defective in SsrA and SmpB and assessing their susceptibilities to various antibiotics and stresses. Our results demonstrate that trans-translation is indeed involved in persister survival and tolerance to a diverse range of antibiotics and stresses.
Methods

Construction of SsrA and SmpB knockout mutants and complementation of the mutants
The SsrA and SmpB knockout mutants were constructed as described previously. 16 Linear DNA fragments of smpB and ssrA amplified by PCR using primers A, B, C and D (Table S1 , available as Supplementary data at JAC Online) were electroporated into E. coli for mutant construction. Further details of the construction of SsrA and SmpB knockout mutants, complementation of the mutants and bacterial culture conditions are shown in the Supplementary data available at JAC Online.
MIC and MBC determination
The MIC (lowest concentration that prevents visible growth) and MBC (lowest concentration killing 99.9% of initial inoculum) of different antibiotics for the SsrA and SmpB mutants and wild-type E. coli W3110 were determined in LB broth as described previously 17 (see Supplementary data, available at JAC Online, for detailed antibiotic concentrations used).
Susceptibility to antibiotics and various stresses in exposure assays
The susceptibilities of stationary phase SsrA and SmpB mutants, complemented strains and the parent strain W3110 to various antibiotics, including ampicillin (100 mg/L), norfloxacin (4 mg/L), gentamicin (20 mg/L), trimethoprim (64 mg/L), tetracycline (50 mg/L) and streptomycin (50 mg/L), were evaluated in drug exposure experiments in LB medium. The stationary phase cultures (diluted 1:100 with LB) were exposed to different antibiotics except for gentamicin and norfloxacin, where undiluted cultures were used for incubation without shaking at 378C for various times, after which the cultures were plated for cfu determination on LB plates. The conditions for stress susceptibility of the SsrA mutant and the SmpB mutant are listed in the Supplementary data available at JAC Online.
Results and discussion
Susceptibility of the ssrA and smpB mutants and the complemented strains to various antibiotics in MIC and MBC tests
To assess the susceptibilityof SsrA and SmpB mutantsto various antibiotics, including ampicillin, norfloxacin, gentamicin, tetracycline, streptomycin, amikacin and trimethoprim, the MIC and MBC experiments were carried out with the wild-type strain W3110 as a control. The results showed that both ssrA and smpB mutants were more susceptible to most antibiotics than W3110 ( Table 1 ). The MIC/MBC values for the ssrA mutant and the smpB mutant were about 2-fold and 4-8-fold lower than those for the wild-type strain W3110, respectively. However, the ssrA mutant or smpB mutant did not show significant changes in the MIC and MBC of ampicillin. Complementation of the SsrA and SmpB mutants with their respective functional genes overall restored thewild-type level of susceptibility to the antibiotics in the MIC and MBC tests (Table 1) .
Reduced persister levels of the SsrA and SmpB mutants in antibiotic exposure assays
To determine the persister levels of the SsrA and SmpB mutants, the stationary phase cultures of the mutants and wild-type strain W3110 were exposed to no antibiotics as control ( Figure 1a (Figure 1e) , and the survival of the bacteria was monitored at different timepoints. Overall, the results showed that both the SsrA and SmpB mutants were more susceptible than the wild-type strain W3110 to different antibiotics and that complementation of the SmpB and SsrA mutants restored the level of persisters to close to wild-type levels in the antibiotic exposure assay (Figure 1) . It is worth noting that, in Li et al.
general, the SmpB mutant was more susceptible to the antibiotics than the SsrA mutant and that the effect of complementation was more obvious for the SmpB mutant than for the SsrA mutant. An interesting observation of this study is the hypersusceptibility of the SmpB mutant and the SsrA mutant to trimethoprim in both MIC/MBC tests (Table 1 ) and persister assays (Figure 1d ). Trimethoprim is generally considered a bacteriostatic antibiotic and had a high MBC (32 mg/L) for wild-type E. coli W3110 (Table 1) . However, it is quite surprising that trimethoprim had a very impressive bactericidal activity against the SsrA mutant and the SmpB mutant, with Trans-translation mediates antibiotic and stress tolerance 2479 JAC the MBC being 32-and 128-fold lower than that for the wild-type W3110, respectively (Table 1) . Thus, mutations in the transtranslation pathway could potentiate or enhance the bactericidal activity of trimethoprim. Trimethoprim is known to inhibit the synthesis of folic acid, which is required for making the thymidine triphosphate (dTTP) needed for the synthesis of DNA, glycine, methionine and purines in bacteria. Inhibition or starvation of dTTP can cause thymine-less death in bacteria. 18 The remarkable bactericidal activity of trimethoprim against the SmpB mutant and the SsrA mutant suggests that folic acid could be critical for bacteria lacking a functional trans-translation pathway, and inhibition of folic acid synthesis in SmpB or SsrA mutants might lead to thymine-less death more easily than in wild-type cells. However, the mechanism by which the defect in trans-translation potentiates the bactericidal activity of trimethoprim remains to be identified. Nevertheless, this observation may allow future chemotherapeutic approaches to be developed based on targeting both transtranslation and folic acid synthesis pathways for improved treatment of bacterial infections.
SsrA and SmpB mutants are more susceptible to a variety of stresses
To assess the effect of SsrA and SmpB mutations on the susceptibility of the mutants to various stress conditions, we subjected the SsrA and SmpB mutants and their complemented strains to acid pH ( Figure S1 , available as Supplementary data at JAC Online, a and b) and weak acid salicylate (5 mM, pH 5.0) ( Figure S1 , c), starvation (saline) ( Figure S1, d) , oxidative stress (peroxide, 25 mM) ( Figure S1 , e) and heat (578C) (Figure S1, f) . Overall, the SsrA and SmpB mutants, besides being more susceptible to various antibiotics as above, were also more susceptible to various stress conditions than the wild-type strain W3110; the SmpB mutant was more susceptible than the SsrA mutant with the exception of the starvation condition, in which the SsrA mutant seemed to be more susceptible than the SmpB mutant ( Figure S1 ). In addition, complementation of the SsrA and SmpB mutants with their respective wild-type genes rendered the complemented strains close to wild-type persister levels. Nevertheless, the ssrA gene tended to complement the SsrA mutant strain less well ( Figure S1 ). This is possibly due to the presence of alternative trans-translation genes that compensate for the SsrA defect. These findings are consistent with the previous observations of a role of trans-translation in amino acid starvation, 19 oxidative stress (paraquat) 11 and heat shock. 9 
Conclusions
The very diverse phenotypes of the SsrA and SmpB mutants suggest that various antibiotics and stresses may trigger a common mechanism of toxic protein product accumulation that relies on detoxification by the trans-translation pathway for survival under stress conditions. Further studies are needed to address this hypothesis. Since SsrA and SmpB are involved in persister and stress survival in E. coli, as shown in this study, and SsrA and SmpB are present in virtually all bacteria, SsrA and SmpB are likely to be involved in persistence in other bacteria. In fact, we found that mutations in SmpB and SsrA in M. tuberculosis have a similar persister defect (W. Shi and Y. Zhang, unpublished results). Our findings support the idea that trans-translation could serve as a novel target for the development of new antibiotics that target persister bacteria for improved treatment of persistent bacterial infections.
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